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Toxoplasma Invasion of Mammalian Cells
Is Powered by the Actin Cytoskeleton
of the Parasite
Janice M. Dobrowolski and L. David Sibley mechanism of motility and cell invasion. Among the Api-
complexans, Toxoplasma is the most promiscuous, be-Department of Molecular Microbiology
Washington University School of Medicine ing able to infect a wide range of warm-blooded verte-
brate hosts and to invade and parasitize virtually anySt. Louis, Missouri 63110
nucleated cell therein (Dubey and Beattie, 1988).
Apicomplexan parasites lack cilia or flagella but ex-
hibit substrate-dependent gliding motility, which is
Summary thought to contribute to host cell entry (Stewart and
Vanderberg, 1988; Russell and Sinden, 1981). One con-
Toxoplasma gondii is an obligate intracellular parasite dition that effectively neutralizes invasion by Apicom-
that invades a wide range of vertebrate host cells. We plexans is treatment with cytochalasins (CDs), which
demonstrate that invasion is critically dependent on block both gliding motility and entry into phagocytic
actin filaments in the parasite, but not the host cell. and nonphagocytic cells (Ryning and Remington, 1978;
Invasion into cytochalasin D (CD)-resistant host cells Miller et al., 1979; Russell and Sinden, 1981; Schwartz-
was blocked by CD, while parasite mutants invaded man and Pfefferkorn, 1983). Cytocholasins disrupt host
wild-type host cells in the presence of drug. CD resis- cell microfilaments and hence prevents the uptake of
tance in Toxoplasma was mediated by apoint mutation intracellular bacterial pathogens (Falkow et al., 1992).
in the single-copy actin gene ACT1. Transfection of In the case of eukaryotic parasites like Toxoplasma,
the mutant act1 allele into wild-type Toxoplasma con- both the host cell and the parasite contain actin-based
ferred motility and invasion in the presence of CD. We cytoskeletons. Consequently, the observed inhibition of
conclude that host cell invasion by Toxoplasma, and parasite entry by cytochalasin could result from disrup-
likely by related Apicomplexans, is actively powered tion of either the host or parasite cytoskeleton, making
by an actin-based contractile system in the parasite. it difficult to dissect the relative contribution of each in
parasite internalization.
To determine the mechanism by which ToxoplasmaIntroduction
invades host cells, we used a combination of host cell
and parasite mutants that are resistant to cytochalasin.Intracellular pathogens have evolved a diverse array of
These studies demonstrate that invasion of the hoststrategies to gain entry into their vertebrate host cells.
cell is an active process that depends on the parasiteWhile bacterial pathogens rely on induced endocytic
cytoskeleton for motility.uptake by the host cell (Falkow et al., 1992), the proto-
zoan parasite Toxoplasma gondii enters host cells by a
process that differs from endocytic uptake in a number Results
of key morphological and biochemical features (Mori-
saki et al., 1995). Indirect evidence suggests that active Inhibition of Toxoplasma Invasion by CD Does
Not Depend on Host Cell Microfilamentsinvasion by the parasite is critical to its intracellular fate
(Nichols and O'Connor, 1981). For example, the com- To establish whether CD acts on the parasite or on the
host, we compared the invasion of Toxoplasma intopartment in which Toxoplasma resides after active inva-
sion avoids acidification (Sibley et al., 1985) and resists wild-type and cytochalasin-resistant host cells. We took
advantage of the wide host range of Toxoplasma byfusion with both endosomes (Joiner et al., 1990) and
lysosomes (Jones and Hirsch, 1972). In contrast, anti- employing the well-characterized host epithelial cell line
KB and a cytochalasin-resistant mutant derived frombody-opsonized Toxoplasma are readily phagocytosed
by cells bearing Fc receptors, wherein they are targeted this line, Cyt-1 (Toyama and Toyama, 1984). Cyt-1 cells
express a mutant b9-actin that is responsible for resis-for fusion and lysosomal digestion (Morisaki et al., 1995;
Joiner et al., 1990). tance tocytochalasin (Toyama and Toyama, 1984, 1988).
Toxoplasma invasion was determined by pulse infectionT. gondii is animportant opportunistic pathogen caus-
ing congenital infections (Desmonts and Couvreur, and selective incorporation of [3H]uracil by wild-type
parasites. This assay provides a relative measure of1974) and severe complications in immunocompro-
mised individuals (Luft and Remington, 1992). Belonging invasion, as Toxoplasma does not divide extracellularly
and CD treatment does not inhibit division once theto the family Apicomplexa, Toxoplasma is a member
of a diverse group of obligate intracellular protozoan parasite has successfully entered the host cell (data not
shown). Invasion of Toxoplasma into both wild-type KBparasites that are unified by a common set of apical
structures that are involved in cell invasion (Dubey and and mutant Cyt-1 cells was significantly inhibited by CD
(Figure 1A). The inhibition of parasite invasion into Cyt-Beattie, 1988; Sibley, 1995). Important pathogens in this
group include Plasmodium, the causative agent of ma- 1 cells, which are resistant to the effects of cytochalasin,
indicates that the action of CD is primarily on the par-laria; Cryptosporidium, a causative agent of a water-
borne dysentery; and Eimeria, the causative agent of asite.
To verify that parasite invasion was distinct from thecoccidiosis in domestic birds and animals. While these
protozoan parasites infect a wide range of different cell mechanism used by bacterial pathogens, we also exam-
ined host cell internalization of Salmonella typhimuriumtypes in different hosts, they likely share a common
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Figure 1. Toxoplasma Invasion IsBlocked by
CD, but, Unlike Salmonella Internalization,
Does Not Depend on Host Microfilaments
(A) Invasion of wild-type (PLK strain) Tox-
oplasma into wild-type (KB) and cytocha-
lasin-resistant (Cyt-1) host cells was deter-
mined by selective incorporation of [3H]uracil
by intracellular replicating parasites.
(B) Uptake of Salmonella into KB and Cyt-1
host cells was determined by resistance to
gentamycin killing and formation of bacterial
colonies on LB agar.
(C) Attachment of wild-type (RH strain) Tox-
oplasma to HF cell monolayers is not affected
by CD. Parasites were quantified based on
their content of b-gal.
(D) Transmission electron micrograph show-
ing attachment of wild-type (RH strain) Tox-
oplasma to an HF cell in the presence of CD.
Arrow denotes a tight junction; PV is the na-
scent parasitophorous vacuole.
in the absence or presence of CD. Salmonella uptake data demonstrate that CD is a specific inhibitor of Tox-
oplasma invasion.was monitored by protection from gentamicin, which
effectively kills only extracellular bacteria (Lee and Fal-
kow, 1990). While the internalization of Salmonella was
Isolation of CD-Resistant Mutantsgreatly reduced by treatment of wild-type KB cells with
of ToxoplasmaCD, bacterial uptake by Cyt-1 cells was not inhibited
Based on the initial findings that CD acts primarily onby the drug (Figure 1B). These results provide genetic
the parasite, we reasoned that it should be possible toconfirmation that bacterial internalization is mediated
obtain mutants of Toxoplasma that were resistant to CD
by host cell microfilaments, a result consistent with pre-
(CydR). Toxoplasma CydR mutants were isolated follow-
vious morphological studies (Falkow et al., 1992).
ing chemical mutagenesis using ethyl nitrosourea (ENU)
and selecting for growth on HF monolayers in the pres-
ence of 0.1 mM CD. Three separate plaques (referred to
Host Cell Binding by Toxoplasma as CydR-1, CydR-6, and CydR-7) were obtained and ex-
Is Unaltered by CD
panded by growth on HF cells in the presence of CD.
Cell attachment is thought to be a specific step in para-
All three mutants were resistant to CD as measured by
site invasion that precedes entry, although the specific
invasion into HF cells (Figure 2A) and into bone marrow
mediators of Toxoplasma attachment to vertebrate cells
macrophages (Figure 2B). Interestingly, all three mu-
are poorly understood. Because treatment with CD
tants showed a slightly higher level of invasion in the
could potentially disrupt attachment owing to an alter-
presence of 0.1 mM CD versus control cultures treated
ation in host cell receptors, the influence of CD on para-
with dimethyl sulfoxide (DMSO) alone (Figure 2). The
site binding to host cells was examined. Parasite attach-
ability of CydR mutants to invade wild-type host cells in
ment was determined using a quantitative binding assay the presence of CD demonstrates that an actin-based
that estimates parasite cell numbers based on their con- contractile system in the parasite plays an essential role
tent of the exogenous reporter enzyme b-galactosidase in host cell invasion.
(b-gal). Toxoplasma parasites bound to human fibro-
blast (HF) monolayers with equal efficiency in the ab-
sence and presence of CD (Figure 1C), indicating that The Molecular Target of CD Inhibition
Is Parasite Actinthe drug does not affect host cell binding. Microscopic
inspection of monolayers treated with CD also con- The ability of CD to disrupt actin filaments led us to
suspect that its critical action was on parasite actin.firmed that parasite binding was not interrupted. Elec-
tron microscopic examination revealed that the specific We therefore examined the expression of actin in CydR
mutants to determine the mechanism of their resistanceapical attachment of the parasite occurs normally in
the presence of CD, leading to formation of a nascent toCD. To rule out the possibility that theCydR phenotype
was simply due to overexpression of actin, the mutantsparasitophorous vacuole (Figure 1D). Collectively, these
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Figure 2. CydR Mutants of Toxoplasma Are Able to Invade Wild-
Figure 3. Molecular Basis of CD Resistance in Toxoplasma MutantsType Host Cell in the Presence of CD
(A) Western blot of actin present in parental (PLK strain) and CydRInvasion of wild-type (PLK strain) and CydR mutants of Toxoplasma
mutants of Toxoplasma detected with MAb C4.into HF cells (A) or mouse bone marrow macrophages (B) was deter-
(B) Ribbon model of rabbit skeletal muscle actin generated usingmined by selective [3H]uracil incorporation by intracellular replicat-
the molecular graphics program RasMol2 on a Silicon Graphicsing parasites. Asterisk indicates data not determined.
workstation (Glaxo). The a helices where cytochalasin-resistant mu-
tations have been identified within subdomains 1 and 3 are shown
in green. The mutations found in the epithelial cell Cyt-1 (Val-139±were analyzed by Western blot using a monoclonal anti-
Met and Ala-295±Asp) are shown in red. The act1 mutation identifiedbody (MAb), C4, that recognizes all known isoforms of
in the CydR-1 and CydR-7 mutants of Toxoplasma (Ala-136±Gly) is
actin from a diverse group of organisms (Lessard, 1988). shown in blue.
All three mutants contained levels of actin similar to that
found in wild-type parasites (Figure 3A). Southern blot
analysis of the ACT1 gene indicated no change in either the actin monomer derived from the X-ray crystal struc-
ture of actin complexed to DNase I (Kabsch et al., 1990).the copy number or genomic organization in the CydR
mutants relative to wild-type parasites (data not shown). Cytochalasin resistance in the host cell line Cyt-1 re-
quires two separate mutations that alter residues Val-To investigate whether the CydR phenotype was due
to a mutation in actin,we determined thecomplete ACT1 139±Met and Ala-295±Asp (Ohmori et al., 1992). Al-
though these two mutations occur in different a helices,encoding sequences for the three CydR mutants and
compared their predicted open reading frames with they surround a pocket created between subdomains
1 and 3 (shown in red in Figure 3B). The single Ala-wild-type actin. Conventional actin in Toxoplasma is
encoded by a single-copy gene (J. M. D. and L. D. S., 136±Gly mutation identified in Toxoplasma act1 lies at
the beginning of the first of these two helical loopssubmitted; GenBank accession number U10429) that is
highly conserved: the two strains used here (RH and (shown in blue in Figure 3B). Collectively, these muta-
tions may define a region of the molecule where cyto-PLK) have an identical predicted amino acid sequence.
Two of the parasite mutants (CydR-1 and CydR-7) con- chalasin binds, thereby disrupting filament formation.
tained the same single base pair mutation, converting
a C to a G and resulting in a change in residue 136 Toxoplasma Invasion of Host Cells
Depends on Parasite Actinfrom Ala to Gly. The remaining mutant (CydR-6) had no
alteration in the coding region of the ACT1 gene. The Toxoplasma CydR mutants described above were
originally isolated following chemical mutagenesis, and,To illustrate the structural basis for cytochalasin resis-
tance, we mapped mutations onto a ribbon model of despite precautions to use low doses of ENU, it was
Cell
936
Figure 4. Characterization of Transgenic
Toxoplasma Harboring the act1 Allele
(A) Nucleotide sequence of wild-type (RH
strain) and act1 transformants (clones 1B4
and 2A4) from the region flanking the Ala-
136±Gly mutation. The presence of the mu-
tated residue is denoted by an arrow. Clone
1B4 contains only the mutant act1 allele
(shown by G), while clone 2A4 is functionally
diploid, having both the mutant (act1) and
wild-type (ACT1) alleles (shown by G/C).
(B) Invasion of wild-type (RH strain) and act1
transformants of Toxoplasma into HF cells
was detected by selective 3H-labeled incor-
poration by intracellular replicating parasites.
(C) Western blot of actin levels in wild-type
(RH strain) and act1 transformants (clones
1B4 and 2A4) detected by MAb C4.
possible that more than one mutation occurred within obtained at equal frequencies and expressed similar
levels of actin to wild-type parasites (Figure 4C).each of their genomes. Therefore, to confirm that the
mutation identified in act1 was responsible for the CydR
phenotype, we transfected this allele into wild-type par- Toxoplasma Gliding Motility Depends
on Parasite Actinasites and analyzed the phenotypes of transformants.
Two classes of stable transformants were obtained by Apicomplexan parasites display gliding motility, which
is characterized by a trail of surface membrane proteinsisolation of plaques that formed on HF cells in the pres-
ence of CD. The first class contained only the mutant deposited on the substrate as the parasite moves for-
ward (Stewart and Vanderberg, 1988; Russell and Sin-copy of act1, which had evidently replaced the native
locus by double homologous crossover. While the pre- den, 1981). To determine whether gliding motility relies
directly on parasite actin, we examined the effects ofcise site of integration was not mapped, the presence
of only the single mutant allele was confirmed by direct CD on the motility of wild-type and act1 transformants
of Toxoplasma. Motility was visualized by staining forsequencing of polymerase chain reaction (PCR)-ampli-
fied templates (clone 1B4 in Figure 4A) and Southern the major surface protein SAG1, which is deposited on
the substrate by gliding parasites (Figure 5). CD blockedblotting (data not shown). The second class of mutants
contained both the introduced act1 mutation and the motility of wild-type parasites as evidencedby the failure
to deposit trails (Figure 5). In contrast, transformantswild-type ACT1 gene as confirmed by direct DNA se-
quencing of PCR-amplified templates (clone 2A4 in Fig- containing the single mutant act1 allele (clone 1B4) or
the diploid transformant containing both ACT1 and act1ure 4A), a result confirmed by Southern blotting (data
not shown). (clone 2A4) continued to glide and deposited trails in
the presence of CD (Figure 5). These findings establishTo establish the phenotypes of Toxoplasma trans-
formants containing either the single act1 Ala-136±Gly that gliding motility relies on an actin-based contractile
system in the parasite.allele or the diploid ACT1/act1 Ala-136±Gly, we tested
their ability to invade host cells in the presence of CD
using the [3H]uracil uptake assay described above. Both Discussion
Apicomplexans are an extremely diverse group of intra-haploid (clone 1B4) and diploid (clone 2A4) trans-
formants containing the act1 allele efficiently invaded HF cellular protozoan parasites that share common features
of gliding motility and host cell invasion. Toxoplasmacells in the presence of CD (Figure 4B). These findings
establish that the act1 mutation encoding the change is an ideal member of this group for studying these
processes owing to its extensive host range that impliesAla-136±Gly is alone sufficient toconfer the CydR pheno-
type. It is likely that the act1 gene is functionally domi- a general mechanism of cell entry. Toxoplasma also
provides a convenient system for genetics, which isnant, as both haploid and diploid transformants were
Active Cell Penetration by Toxoplasma
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gliding leaves deposits of surface membrane proteins
on the substrate, and this process is blocked by cyto-
chalasins (Russell and Sinden, 1981; Stewart and Vand-
erberg, 1988). Based on their sensitivity to cytochalasin,
it was previously proposed that membrane capping pro-
vides the force for both gliding and cell invasion (Russell,
1983). The ability of Toxoplasma transformants con-
taining the act1 allele to exhibit both gliding motility and
cell invasion in the presence of CD verifies that these
two processes are linked by a common mechanism that
depends on parasite actin. Apicomplexans also contain
an elaborate cortex of microtubules that is collected
into a unique apical organizing center (Russell and
Burns, 1984). It is likely this microtubular network serves
primarily to provide a structural framework necessary
for cell integrity, while motility and invasion are powered
by an actin myosin motor (this study; J. M. D. and
L. D. S., unpublished data). In Toxoplasma, both actin-
like filaments and myosin are located beneath the para-Figure 5. The Mutant act1 Allele Confers a Dominant Phenotype for
Gliding Motility in the Presence of CD site plasma membrane, where they may participate in
gliding motility (J. M. D., J. E. Heuser, and L. D. S.,Gliding of wild-type (RH strain) and act1 transformants of Tox-
oplasma on serum-coated glass was detected by immunofluores- unpublished data). The regulation of actin filament dy-
cent staining of trails containing the surface protein SAG1 (p30). namics and their interactions with motor proteins are
Scale bar, 5 mM. key areas for further investigations into the mechanism
of motility used by Toxoplasma.
Although cell entry is blocked in the presence of CD,
lacking in most related Apicomplexan parasites. We specific apical attachment of Toxoplasma to its host
have used a combination of cytochalasin-resistant mu- cell occurs normally. In the related parasite Plasmodium
tants in either the host cell or the parasite to decipher falciparum, apical attachment between the parasite and
the role of their actin cytoskeletons in parasite invasion. host red blood cell also occurs in the presence of
Our studies on this model parasite support several con- cytochalasin-B (Miller et al., 1979). In both cases, apical
clusions that are likely applicable to all members of this attachment is accompanied by invagination of the host
important group of animal and human pathogens. First, cell plasma membrane to forma nascent vacuole, yet the
it is clear that parasite invasion critically depends on parasite is unable to enter the cell. One of the hallmark
actin filaments in the parasite but not the host cell. Sec- features of Apicomplexan cell entry is the presence of
ond, gliding motility, which results from substrate-de- a ªmoving junctionº that forms as a visible constriction
pendent capping of surface membrane, also relies on in the parasite, beginning at the apical end and moving
actin filaments in the parasite. Finally, gliding motility along the body of the parasite as it squeezes into the
provides the force for penetration into the host cell. This host cell (Aikawa et al., 1978; Morisaki et al., 1995). The
unique mode of entry used by Toxoplasma is in marked molecular basis for junction formation is unknown, but
contrast with the induced endocytic uptake exploited the present evidence suggests that migration past this
by many intracellular bacterial pathogens to gain entry junction is thecritical step that is interrupted by cytocha-
into their respective host cells (Falkow et al., 1992). lasin.
Our findings that parasite actin plays an essential role Cytochalasins are fungal metabolites that disrupt cell
in both gliding motility and cell invasion provide a mech- motility and cytokinesis in vertebrate cells by destabiliz-
anistic explanation for the previous suggestions that ing actin filaments (Cooper, 1987). While all the available
parasite entry occurs by an active mechanism (Nichols evidence suggests that cytochalasins exert their effects
and O'Connor, 1981). During invasion of Toxoplasma on cells by binding to actin, the molecular domains in-
into both phagocytic and nonphagocytic cells, the host volved in this interaction are not well defined. The amino
cell is relatively passive, as shown by the complete ab- acid substitutions that confer resistance to cytochalasin
sence of features typically associated with phagocyto- in either Cyt-1 host cells or in CydR parasites map to a
sis, including membrane ruffling, actin reorganization, similar position on the actin monomer (Figure 3). Cyto-
and tyrosine phosphorylation of host proteins (Morisaki chalasins bind toactin monomers with high affinity (Coo-
et al., 1995). Toxoplasma invasion also occurs much per, 1987), and consequently these mutation may define
more rapidly than phagocytosis (Morisaki et al., 1995) a specific drug-binding pocket of the actin monomer.
and is dependent on viability of the parasite, but not the In support of this hypothesis, the mutant b9-actin of
host cell, as shown by the invasion of Toxoplasma into Cyt-1 cells has a 10-fold lower affinity for cytochalasin B
lightly fixed host cells (Nichols and O'Connor, 1981). The (Toyama and Toyama, 1988). While we have not directly
unique capability of Toxoplasma for direct penetration measured CD binding by the act1 mutant, it is likely it
may underlie the exclusive segregation of the parasite- also has a lowered affinity for binding the drug.
containing vacuole that resists fusion with the host cell The basis for the observed resistance to CD in the
endocytic system (Sibley, 1995). Toxoplasma mutant CydR-6 is unknown, as no alteration
in the actin gene was found in this clone. Resistance inAs shown previously for Eimeria and Plasmodium,
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of host cells in PBS containing 1% Triton X-100 and formation ofthis mutant does not appear to be due to a multidrug
colonies on LB agar plates.resistance mechanism (J. M. D. and L. D. S., unpublished
Data for all binding and invasion assays are expressed as meandata), but instead may indicate another molecular target
6 SD (n 5 3).
for CD interaction. One possible mechanism for the
strong phenotype of CydR-6 would be an alteration in an Electron Microscopy
actin-binding protein that confers filament stability in Toxoplasma parasites were incubated with HF cells in the presence
the presence of CD. For example, overexpression of the of 0.2 mM CD, rinsed in PBS, and fixed with 2.5% glutaraldehyde
in 0.1 M cacodylate buffer. Cells were postfixed in 0.1% osmiumsmall heat shock protein HSP27 in human cells can
tetroxide and embedded in LR white resin. Ultrathin sections wereconfer resistance to growth inhibition by CD through
stained with lead citrate and uranyl acetate and viewed using athe stabilization of actin filaments (Lavoie et al., 1995).
Zeiss EM 109 electron microscope.
Given the potential for reverse genetics in Toxoplasma,
this system could be further exploited to identify addi- Immunofluorescence Microscopy
tional molecular targets of CD or other drugs that disrupt Gliding of Toxoplasma parasites was monitored indirectly by detec-
the cytoskeleton. tionof surface proteins deposited in trailson the substrate. Parasites
were suspended in HBSS and added to serum-coated LabTekToxoplasma gains entry into a wide variety of verte-
chamber slides for 10±15 min at 378C. Slides were rinsed in PBSbrate cells by a process of active penetration that is
and fixed in 2.5% formalin±PBS for 10 min. The surface proteindependent on the actin-based cytoskeleton of the para-
SAG1 (p30) was detected by immunofluorescence staining using
site. The active penetration of the host cell by Tox- MAb DG52 (1:1000 Dil) followed by FITC-conjugated goat anti-
oplasma represents a novel process of entry distinct mouse IgG (1:500 Dil). Slides were mounted in PBS±glycerol, exam-
from that used by intracellular bacterial pathogens that ined, and photographed using a Zeiss axioscope.
take advantage of host-mediated endocytic/phagocytic
Chemical Mutagenesis and Isolation of CydR Mutantsprocesses for entry. Like Toxoplasma, closely related
Extracellular PLK strain parasites were treated with ENU at 100 mg/Apicomplexan parasites, many of which are important
ml in serum-free media (MEM containing 10 mM HEPES) for 1 hr atcauses of animal and human disease, may exploit a
378C. Parasites were washed, inoculated onto a fresh monolayer of
similar mechanism of active penetration. The complete HF cells, and allowed to expand without selection for 2±3 days.
dependence of gliding motility and cell invasion on the Following lysis of the monolayer, extracellular parasites weretreated
parasite cytoskeletal system may provide novel targets with 0.1 mM CD and inoculated onto a fresh monolayer of HF cells
in the presence of drug. Resistant plaques were cloned by limitingto prevent infection by this important group of intracellu-
dilution and expanded in 0.1 mM CD.lar pathogens.
Western Blotting
Experimental Procedures Toxoplasma or host cell proteins were lysed in sample buffer and
separated on SDS±polyacrylamide gels (Laemmli, 1970), transferred
Strains and Culture Conditions to nitrocellulose by semidry electroblotting, and stained with India
Toxoplasma strains RH and PLK were maintained by serial 2-day ink. Blots were blocked with PBS containing nonfat dry milk, incu-
passage in HF cell monolayers as previously described (Morisaki et bated with primary antibodies and then goat anti-mouse [125I]IgG.
al., 1995). HF, KB, and Cyt-1 cells were maintained by culture at
378C in 5% CO2 in DMEM supplemented with 2 mM glutamine, 20 Plasmid Construction
mg/ml gentamicin, and 10% FBS. Bone marrow macrophages were The plasmid pTactS-9 was constructed by cloning a 4.5 kb SalI±
isolated from the femur of adult BALB/c mice and maintained as EcoRV genomic fragment flanking the ACT1 gene from the RH strain
previously described (Morisaki et al., 1995). into the low copy vector pWKS29 (Wang and Kushner, 1990). The
act1 mutation encoding the change of Ala-136 to Gly-136 was trans-
ferred into this construct by swapping a restriction fragment definedBinding and Invasion Assays
by the sites HindII and BspMII from the mutant CydR-1. The resultingThe number of parasite cells attached to host cell monolayers was
plasmid pTactS-9 was amplified in E. coli and purified by cesiumquantified by determining the production of b-gal produced by the
chloride density gradient centrifugation.parasite clone 2F, an RH strain transformant of Toxoplasma harbor-
ing the Escherichia coli lacZ gene driven by the GRA1 promoter (M.
DNA Transfection and Isolation of act1 TransformantsMessina and L. D. S., unpublished data). Following binding at 378C
Freshly harvested extracellular RH strain parasites were electropor-for 1 hr, monolayers were washed in PBS to remove unattached
ated with either control (no DNA) or pTacts-9 (10±50 mg) in cytomixparasites, cell-associated parasites were lysed in PBS containing
buffer supplemented with ATP (5 mM) and glutathione (2 mM) as1.0% Triton X-100, and b-gal activity was quantified using the sub-
previously described (Soldati and Boothroyd, 1993). Following elec-strate chlorophenol red b-D-galactopyranoside (Eustice et al., 1991).
troporation, parasites were expanded by growth on HF monolayersParasite numbers were estimated from a standard curve relating
without selection for 2 days. Resistant transformants were isolatedcell numbers to enzyme activity.
from plaques formed on monolayers of HF cells grown in the pres-Toxoplasma invasion was determined from the selective incorpo-
ence of 0.1 mM CD.ration of [3H]uracil by intracellular replicating parasites as previously
described (Pfefferkorn and Pfefferkorn, 1977). Treatments with CD
(dissolved in DMSO; final concentration, <1%) or equal concentra- PCR Amplification and Sequencing of Actin Alleles
The complete actin-encoding genes from the three CydR mutantstions of DMSO alone were included in the challenge, wash, and
culture phases of each assay. At 24 or 48 hr postinfection, mono- and the wild-type PLK strain were sequenced from both strands
using the Sanger dideoxy sequencing method and Sequenase IIlayers were lysed in SDS containing 1 mM cold uracil and [3H]uracil
incorporation determined by TCA precipitation and scintillation (United States Biochemical) using primers specific for the ACT1
gene. To identify actin alleles present in transformants, we amplifiedspectroscopy.
Internalization of S. typhimurium was determined by resistance a 800 bp fragment of the ACT1 gene by PCR using Pfu thermostable
DNA polymerase (Statagene) from wild-type RH strain and act1-to gentamicin as previously described (Lee and Falkow, 1990). Fol-
lowing 2 hr at 378C for invasion, monolayers were washed in PBS containing transformants of Toxoplasma (forward primer, 59-ATCG-
TCGCGCATTGTGAC; reverse primer, 59-TCGGGATCCAGATGGCG-and treated with 100 mg/ml gentamicin for 3 hr to kill extracellular
bacteria. Intracellular bacteria were counted followingselective lysis GATGAAAAAG, which contains a BamHI linker at the 59 end). A third
Active Cell Penetration by Toxoplasma
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internal primer was used to sequence the PCR products (primer, Ohmori, H., Toyama, S., and Toyama, S. (1992). Direct proof that
the primary site of action of cytochalasin on cell motility processes59-CGTAGATGGGCACAGTGT).
is actin. J. Cell Biol. 116, 933±941.
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